Geographic atrophy (GA), an untreatable advanced form of age-related macular degeneration, results from retinal pigmented epithelium (RPE) cell degeneration. Here we show that the microRNA (miRNA)-processing enzyme DICER1 is reduced in the RPE of humans with GA, and that conditional ablation of Dicer1, but not seven other miRNA-processing enzymes, induces RPE degeneration in mice. DICER1 knockdown induces accumulation of Alu RNA in human RPE cells and Alu-like B1 and B2 RNAs in mouse RPE. Alu RNA is increased in the RPE of humans with GA, and this pathogenic RNA induces human RPE cytotoxicity and RPE degeneration in mice. Antisense oligonucleotides targeting Alu/B1/B2 RNAs prevent DICER1 depletion-induced RPE degeneration despite global miRNA downregulation. DICER1 degrades Alu RNA, and this digested Alu RNA cannot induce RPE degeneration in mice. These findings reveal a miRNA-independent cell survival function for DICER1 involving retrotransposon transcript degradation, show that Alu RNA can directly cause human pathology, and identify new targets for a major cause of blindness.
Geographic atrophy (GA), an untreatable advanced form of age-related macular degeneration, results from retinal pigmented epithelium (RPE) cell degeneration. Here we show that the microRNA (miRNA)-processing enzyme DICER1 is reduced in the RPE of humans with GA, and that conditional ablation of Dicer1, but not seven other miRNA-processing enzymes, induces RPE degeneration in mice. DICER1 knockdown induces accumulation of Alu RNA in human RPE cells and Alu-like B1 and B2 RNAs in mouse RPE. Alu RNA is increased in the RPE of humans with GA, and this pathogenic RNA induces human RPE cytotoxicity and RPE degeneration in mice. Antisense oligonucleotides targeting Alu/B1/B2 RNAs prevent DICER1 depletion-induced RPE degeneration despite global miRNA downregulation. DICER1 degrades Alu RNA, and this digested Alu RNA cannot induce RPE degeneration in mice. These findings reveal a miRNA-independent cell survival function for DICER1 involving retrotransposon transcript degradation, show that Alu RNA can directly cause human pathology, and identify new targets for a major cause of blindness.
Age-related macular degeneration (AMD), which is as prevalent as cancer in industrialized countries, is a leading cause of blindness 1,2 . In contrast to neovascular AMD, the more common atrophic form of AMD is without effective therapy 3, 4 . Extensive atrophy of the retinal pigment epithelium (RPE) leads to severe vision loss and is termed GA, whose pathogenesis is unclear. Here, we identify dysregulation of the RNase DICER1 (ref. 5 ) and the resulting accumulation of transcripts of Alu elements, the most common small interspersed repetitive elements in the human genome 6 , as a potential cause of GA, and demonstrate strategies to inhibit this pathology in vivo.
DICER1 loss in GA induces RPE death
In human donor eyes with GA (n 5 10), DICER1 mRNA abundance was reduced in the macular RPE by 65 6 3% (mean 6 s.e.m.; P 5 0.0036; Mann-Whitney U-test) compared to control eyes (n 5 11) ( Fig. 1a ). In contrast, there was no change in the abundance of DROSHA and DGCR8 mRNAs, whose gene products form a complex that processes pri-miRNAs into pre-miRNAs 7 , or of the gene encoding Argonaute 2 (AGO2, encoded by EIF2C2), the core component of the miRNA effector complex 8, 9 . DICER1 protein expression was reduced in the RPE, but not the neural retina, of eyes with GA compared to controls (Fig. 1b, c 
and Supplementary Figs 1 and 2).
Because DICER1 is downregulated in chemically stressed cells 6 , we tested whether DICER1 reduction is common to dying retina. DICER1 protein levels were not reduced in the RPE of human eyes with other retinal diseases (vitelliform macular dystrophy, retinitis pigmentosa, retinal detachment; Supplementary Fig. 3 ). Also, Dicer1 abundance in the RPE was not reduced in numerous mouse models of retinal degeneration including Ccl2 -/-Ccr2 -/- (refs 7,8) and Cp -/-Heph -/mice 9 ( Supplementary Fig. 3 ; Supplementary Notes). These data indicate that DICER1 depletion in the RPE of eyes with GA is not a generic damage response.
To determine the consequence of DICER1 reduction in the RPE, we interbred Dicer1 f/f mice 10 with BEST1 Cre mice 11 , which express Cre recombinase under the control of the RPE cell-specific BEST1 promoter. BEST1 Cre; Dicer1 f/f mice uniformly showed RPE cell degeneration whereas littermate controls did not ( Fig. 1d-f ). We also deleted Dicer1 in adult mouse RPE by subretinal injection of an adeno-associated viral vector (AAV) coding for Cre recombinase under the control of the BEST1 promoter 12 (AAV1-BEST1-Cre) in Dicer1 f/f mice ( Supplementary Fig. 4 ). These eyes uniformly developed RPE cell degeneration, whereas contralateral eyes that underwent subretinal injection of AAV1-BEST1-GFP (GFP, green fluorescent protein) and wild-type mouse eyes injected with subretinal AAV1-BEST1-Cre did not ( Fig. 1g -i and Supplementary Fig. 4 ). RPE cell dysmorphology in Dicer1-depleted mice resembled that of human GA eyes ( Supplementary Fig. 5 ). When Dicer1 f/f mouse RPE cells were infected with an adenoviral vector coding for Cre recombinase (Ad-Cre), cell viability was reduced ( Fig. 1j ). Similarly, antisense oligonucleotide mediated knockdown of DICER1 in human RPE cells increased cell death ( Fig. 1k ). Collectively, these data indicate that DICER1 dysregulation is involved in the pathogenesis of GA.
DICER1 phenotype not due to miRNA dysregulation
We tested whether depleting other miRNA-processing enzymes induces RPE degeneration. Subretinal injection of AAV1-BEST1-Cre in Drosha f/f (ref. 13 ), Dgcr8 f/f (refs. 13,14) , or Ago2 f/f mice 15 did not damage the RPE ( Supplementary Fig. 6 ), indicating that miRNA imbalances are not responsible for RPE degeneration induced by DICER1 depletion. However, some miRNAs are generated by Dicer1 independent of Drosha and Dgcr8 (refs 16, 17) . There is also debate whether Ago2 is essential for miRNA function 15, [18] [19] [20] [21] . Mice deficient in Ago1, Ago3, or Ago4 (also known as Eif2c1, Eif2c3 and Eif2c4, respectively) had normal RPE ( Supplementary Fig. 7 ). TRBP (encoded by Tarbp2) recruits DICER1 to the four Argonaute proteins to enable miRNA processing and RNA silencing (ref. 22 and R.
Shiekhattar, personal communication); Tarbp2 -/mice also had no RPE degeneration ( Supplementary Fig. 7 ). These data indicate that RPE degeneration induced by Dicer1 ablation involves a mechanism specific to Dicer1 and not to miRNA machinery in general.
To investigate further whether miRNA imbalances might contribute to the DICER1 depletion phenotype, we studied human HCT116 colon cancer cells in which the helicase domain in exon 5 of DICER1 was disrupted. Despite impaired miRNA biogenesis in these HCT-DICER1 ex5 cells 23 , baseline cell viability was not different between HCT-DICER1 ex5 and parent HCT116 cells ( Supplementary Fig. 8 ).
These findings indicate that the principal biological effect of DICER1 deficit contributing to the development of GA is not miRNA dysregulation, but do not exclude miRNA dysregulation promoting GA through other pathways.
Alu RNA accumulation in GA Because miRNA perturbations were not implicated, we speculated that impaired processing of other dsRNAs might be involved. Using an antibody 24,25 that recognizes long dsRNA (J2), we detected abundant dsRNA immunoreactivity in the macular RPE of human eyes with GA (n 5 10; Fig. 2a -c) but not in control eyes (n 5 10; Fig. 2d ). We immunoprecipitated RPE lysates with J2 antibody and then sequenced the dsRNA using a T4 RNA ligase-aided, adaptor-based PCR amplification strategy. Approximately 300-nucleotide-long dsRNA species were found in the macular RPE of human eyes with GA (12/12) but not in eyes without GA (0/18) (P 5 1.2 3 10 28 by Fisher's exact test) ( Fig. 2e ).
We recovered clones from 8 of the 12 GA eyes and identified two distinct sequences with high similarity (E 5 3.3 3 10 2103 ; 1. 13 
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to Alu RNAs ( Supplementary Fig. 9 ). These sequences showed homology to the Alu Sq subfamily consensus sequence. Alu RNAs were the only dsRNA transcripts identified specifically in the J2-immunoprecipitated GA samples. We confirmed that J2 recognized Alu RNA ( Supplementary  Fig. 10 ). There was a marked increase in the abundance of Alu RNAs in the RPE of human eyes with GA compared to control eyes (n 5 7), but not in the neural retina ( Fig. 2f and Supplementary Fig. 11 ). The reference genome did not contain exact matches to these Alu sequences. This could be attributed to genetic variations or regions not represented in the reference genome or to chimaeric Alu formation. Further studies should elucidate the genomic origin of and regulatory factors involved in transcription of these Alu RNAs.
DICER1 depletion induces Alu RNA cytotoxicity
We tested whether Alu RNA accumulation in the RPE of GA was due to deficient DICER1 processing. DICER1 knockdown in human RPE cells using antisense oligonucleotides increased Alu RNA accumulation ( Fig. 3a and Supplementary Fig. 12 ). Ad-Cre infection of Dicer1 f/f mouse RPE cells induced accumulation of B1 and B2 RNAs (Fig. 3b , c). DICER1 was expressed in the nucleus and cytoplasm of RPE cells and its depletion induced accumulation of Alu/B1/B2 RNA in both compartments ( Fig. 3b-d and Supplementary Fig. 13 ). Recombinant DICER1, but not heat-denatured DICER1, degraded Alu RNA ( Fig. 3e ). Enforced expression of DICER1 in human RPE cells reduced the abundance of overexpressed Alu RNA (Fig. 3f ), consistent with their degradation by DICER1 in vivo. These data confirm that DICER1 dysregulation can trigger Alu/B1/B2 RNA accumulation. Because cell stresses can induce generalized retrotransposon activation, we wondered whether Alu RNA accumulation in GA might be a generic response in dying retina. However, in the RPE of human eyes with GA and in DICER1-depleted human RPE cells, there was no increase in the abundance of RNAs coded by L1.3, human endogenous retrovirus-W envelope, or hY3 ( Supplementary Fig. 14) . These data demonstrate that Alu RNA accumulation is a biologically specific response to DICER1 depletion.
Alu RNA upregulation induced by DICER1 knockdown was inhibited by tagetitoxin (an RNA polymerase III inhibitor) but not a-amanitin (an RNA polymerase II inhibitor) ( Supplementary Fig. 15 ). Northern blotting showed that Alu RNA from the RPE of human eyes with GA was approximately 300 nucleotides in length, consistent with the length of non-embedded polymerase III Alu transcripts. Our northern probe specifically detected Alu RNA and not 7SL RNA, the evolutionary precursor of Alu. Northern blotting showed no difference in 7SL RNA abundance between the RPE of GA and control eyes. Real-time PCR with reverse transcription analysis showed that 7SL RNA was not dysregulated in the RPE of human eyes with GA or in DICER1-depleted human RPE cells ( Supplementary Fig. 16 ). DICER1 knockdown did not upregulate several polymerase II-transcribed genes (ADAR2 (also known as ADARB1), NICN, NLRP and SLFN11) containing exonembedded Alu sequences. These data indicate that Alu RNA in the 
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RPE of human eyes with GA are primary Alu transcripts and not passenger or bystander sequences embedded in other RNAs. Conclusive assignment of these Alu sequences as polymerase III transcripts must await precise determination of their transcription start site.
We tested whether Alu RNA accumulation could induce GA. Transfecting human or wild-type mouse RPE cells with a plasmid coding for Alu (pAlu) reduced cell viability ( Supplementary Fig. 17 ). Subretinal transfection of plasmids coding for two different Alu RNAs or for B1 or B2 RNAs induced RPE degeneration in wild-type mice (Fig. 4a, Supplementary Fig. 17 and data not shown). Treating human RPE cells with a recombinant 281-nucleotide-long polymerase IIIderived Alu RNA isolated from a human embryonal carcinoma cell line dose-dependently increased cell death (Fig. 4b) , indicating that endogenous DICER1 degrades small amounts of Alu RNA but can be overwhelmed. Accordingly, DICER1 overexpression blocked pAluinduced cell death in human RPE cells and RPE degeneration in wild-type mice ( Supplementary Fig. 17 ).
Subretinal injection delivered Alu RNA to RPE cells in wild-type mice ( Supplementary Fig. 18 ), consistent with the ability of long RNAs with duplex motifs to enter cells 26 . We cloned a 302-nucleotide-long Alu RNA isolated from the RPE of a human eye with GA and transcribed it in vitro to generate partially and completely annealed structures that mimic Alu RNAs transcribed by polymerase III and polymerase II, respectively. Subretinal injection of either of these Alu RNAs induced RPE degeneration in wild-type mice ( Fig. 4c and Supplementary Fig. 19 ), supporting the assignment of disease causality. In contrast, subretinal injection of these Alu RNAs digested with DICER1 did not induce RPE degeneration ( Fig. 4d and Supplementary Fig. 19 ). When these Alu RNAs were subjected to mock DICER1 digestion, they induced RPE degeneration, suggesting a role for DICER1 in protecting against Alu RNA-induced degeneration.
In contrast, subretinal transfection of transfer RNA or plasmids coding for 7SL RNA or two different primary miRNAs did not induce RPE degeneration in wild-type mice ( Supplementary Fig. 20 ). Chemically synthesized dsRNAs that mimic viral dsRNA can induce RPE degeneration by activating toll like receptor-3 (TLR3) 27 ; however, pAlu transfection did not induce TLR3 phosphorylation in human RPE cells and did induce RPE degeneration in Tlr3 -/mice ( Supplementary Fig. 21 ). Therefore, Alu RNA-induced RPE degeneration cannot be attributed solely to its repetitive or double-stranded nature, as it exerted effects distinct from other structured dsRNAs of similar length.
The mechanism of RPE cell death in GA is undefined. DNA fragmentation has been identified in RPE cells in human eyes with GA 28 , and Dicer1 knockdown has been associated with induction of apoptosis in diverse tissues 10, 29 . We now provide evidence of caspase-3 cleavage in regions of RPE degeneration in human eyes with GA ( Supplementary  Fig. 22 ). Caspase-3 cleavage was also observed in the RPE cells of BEST1 Cre; Dicer1 f/f mice and in Alu RNA-stimulated or -overexpressing human RPE cells. These data indicate a role for Alu RNA-induced RPE cell apoptosis triggered by DICER1 dysregulation in GA.
To study whether an imbalance in small RNA species produced from long Alu RNAs could contribute to RPE degeneration, we exposed human RPE cells or wild-type mice to DICER1 cleavage fragments of Alu RNA. Subretinal transfection of these fragments did not damage RPE cells in wild-type mice, and co-administering these fragments did not prevent RPE cell degeneration in wild-type mice induced by pAlu ( Supplementary Fig. 23 ). Similarly, these fragments did not prevent human RPE cell death induced by Alu RNA overexpression. These data indicate that upregulation of long Alu RNA rather than imbalance in Alu RNA-derived small RNA fragments is responsible for RPE degeneration induced by DICER1 reduction.
To dissect the contribution of Alu RNA accumulation versus that of miRNA dysregulation to RPE degeneration in the context of DICER1 deficit, we re-examined HCT-DICER1 ex5 cells in which miRNA biogenesis is impaired but long dsRNA cleavage is preserved due to the intact RNase III domains. Alu RNA levels were not different between HCT-DICER1 ex5 and parent HCT116 cells ( Supplementary Fig. 24 ). In contrast, DICER1 knockdown in HCT116 cells upregulated Alu RNA. Also, Alu RNA induces similar levels of cytotoxicity in HCT-DICER1 ex5 and parent HCT116 cells, indicating that coexisting miRNA expression deficits do not augment Alu RNA-induced RPE degeneration. In conjunction with the discordance in the RPE degeneration phenotype between ablation of Dicer1 and that of various other small RNA biogenesis pathway genes in mice, our findings indicate that Alu RNA accumulation is critical to DICER1 reduction-induced cytotoxicity.
RPE degeneration blocked by Alu RNA inhibition
We tested whether DICER1 reduction-induced cytotoxicity is due to Alu RNA accumulation. DICER1-knockdown-induced human RPE cytotoxicity was inhibited by antisense oligonucleotides targeting Alu RNA sequences, but not by scrambled antisense control ( Fig. 5a and Supplementary Fig. 25 ). Ad-Cre infection of Dicer1 f/f mouse RPE cells reduced cell viability, and this was blocked by antisense oligonucleotides targeting B1/B2 RNAs but not by scrambled antisense control ( Fig. 5b and Supplementary Fig. 25 ). Subretinal administration of antisense oligonucleotides that reduced accumulation of B1/B2 RNAs inhibited RPE degeneration in AAV1-BEST1-Cre-treated Dicer1 f/f mice ( Fig. 5c and Supplementary Fig. 25 ), providing evidence of in vivo functional rescue.
We tested whether Alu inhibition also rescued miRNA expression deficits as a potential explanation for the functional rescue of DICER1 depletion-induced RPE degeneration. As expected, DICER1 knockdown in human RPE cells reduced the abundance of numerous miRNAs (Fig. 5d ). However, inhibition of Alu RNA did not recover miRNA expression. Thus, rescue of RPE cell viability by Alu RNA inhibition despite persistent global miRNA expression deficits shows 
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that RPE degeneration induced by DICER1 deficit is due to Alu RNA accumulation and not miRNA dysregulation. Collectively, these data support a model in which primary Alu transcripts are responsible for RPE degeneration. Whether similar pathology can also result from upregulation of as yet undefined polymerase II transcripts with embedded Alu sequences is an intriguing possibility that requires further study. Importantly, we demonstrated that primary Alu transcripts are elevated in human disease, that Alu transcripts recapitulate disease in relevant experimental models, and that targeted suppression of Alu transcripts successfully inhibits this pathology. These observations have direct relevance for clinical strategies to prevent and treat GA.
Discussion
Our findings elucidate a critical cell survival function for DICER1 by functional silencing of toxic Alu transcripts. This unexpected function suggests that RNAi-independent mechanisms should be considered in interpreting the phenotypes of systems in which DICER1 is dysregulated. For example, it would be interesting to test whether DICER1 ablation induced cytotoxicity in mouse neural retina 30 and heart 31 might also involve B1/B2 RNA accumulation. More broadly, recognition of DICER1's hitherto unidentified function as an important controller of transcripts derived from the most abundant genomic repetitive elements can illuminate new functions for RNases in cytoprotective surveillance. DICER1 expression is reduced in GA and partial loss of DICER1 promotes RPE degeneration; thus loss of heterozygosity in DICER1 may underlie the development of GA, similar to its function as a haploinsufficient tumour suppressor [32] [33] [34] .
This also is, to our knowledge, the first example of how Alu could cause a human disease via direct RNA cytotoxicity rather than by inducing chromosomal DNA rearrangements or insertional mutagenesis through retrotransposition, which have been implicated in diseases such as a-thalassaemia 35 , colon cancer 36 , hypercholesterolemia 37, 38 , and neurofibromatosis 39 . Future studies should determine the precise chromosomal locus of the Alu RNA elements that accumulate in GA and the nature of transcriptional and post-transcriptional machinery that enable their biogenesis.
In addition to processing miRNAs 5 , DICER1 has been implicated in heterochromatin assembly 40, 41 . Since Alu elements are abundant within heterochromatin 42 , whether perturbations in centromeric silencing underlie the pathogenesis of GA warrants study. The finding that chromatin remodelling at Alu repeats can regulate miRNA expression 43 raises the intriguing possibility of other regulatory intersections between DICER1 and Alu. It also remains to be investigated whether centromeric satellite repeats that accumulate in Dicer1-null mouse embryonic stem cells 44, 45 might be involved in the pathogenesis of GA.
In the mouse germline, Dicer1 has been implicated in generating endogenous small interfering RNAs (endo-siRNAs) from repeat elements 46, 47 . If this process is conserved in mammalian somatic tissues, it would be interesting to learn whether endo-siRNAs serve a homeostatic function in preventing the development of GA. Given that caspases can cleave Dicer1 and convert it into a DNase that promotes apoptosis in nematodes 48 , our finding that Alu RNA induces caspase activation introduces the possibility of bidirectional regulation between DICER1 and Alu that triggers feed-forward disease-amplifying loops.
The inciting events that trigger an RPE-specific reduction of DICER1 in patients with GA are unknown. Potential culprits could include oxidative stress, which is postulated to underlie AMD pathogenesis 4 , as we found that hydrogen peroxide downregulates DICER1 in human RPE cells ( Supplementary Fig. 26 ). Whereas upstream triggers of DICER1 dysregulation and the role of other DICER1-dependent, DROSHA/DGCR8-independent small RNAs in GA await clarification, the ability of Alu RNA antisense oligonucleotides to inhibit RPE cytotoxicity induced by DICER1 depletion provides a rationale to investigate Alu RNA inhibition or DICER1 augmentation as potential therapies for GA.
METHODS SUMMARY
Subretinal injections (1 ml) were performed using a Pico-Injector (PLI-100, Harvard Apparatus). Plasmids were transfected in vivo using 10% Neuroporter (Genlantis). Immunolabelling was performed using antibodies against dsRNA (clone J2, English & Scientific Consulting), DICER1 (Santa Cruz Biotechnology), zonula occludens-1 (Invitrogen), Cre recombinase (EMD4Biosciences), or cleaved caspase-3 (Cell Signaling). dsRNA was isolated by immunoprecipitating homogenized tissue lysates with 40 mg of J2 for 16 h at 4 uC. Purified dsRNA was ligated to an anchor primer and purified by MinElute Gel extraction columns (Qiagen). Ligated dsRNA was denatured, reverse transcribed, and amplified by PCR. Amplified cDNA products were cloned into pCRII TOPO vector (Invitrogen) and sequenced. Homology to Alu consensus sequences was determined using CENSOR. Cell viability was assessed using CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega). Total RNA (1 mg) was reverse transcribed using qScript cDNA SuperMix (Quanta Biosciences) and amplified by real-time quantitative PCR (Applied Biosystems 7900 HT) with Power SYBR green Master Mix. Relative expressions were determined by the 2 -DDCt method. miRNA abundance was quantified using All-in-One miRNA qRT-PCR Detection Kit (GeneCopoeia). 
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